The fluid dynamics in two different stent configurations, peak-to-valley (S1) and peak-to-peak (S2), within a fully expanded situation and a 30% restenosis, is investigated. Numerical simulations are carried out in order to evaluate the conditions promoting atherosclerotic events when a selfexpanding bare metal stents (SE-BMS) is applied. The conclusions are that the two configurations, S1 and S2, have a similar fluid dynamic behavior, as far as the WSS is concerned, but OSI and RRT maps suggest that the peak-to-peak configuration, S2, has a better behavior than the peak-to-valley one, S1.
Introduction
Cardiovascular diseases, such as coronary artery stenosis, represent the main cause of death in western countries. Among these atherosclerosis, a condition of chronic inflammatory response in the endothelium of large and medium arteries leading to wall thickening and eventually vessel obstruction, is one of the most widespread. Despite its pathogenesis is not fully understood yet, various anatomical, physiological and behavioral risk factors, such as diabetes, advanced age and obesity [1] , have been identified.
A large number of studies in the past two decades have demonstrated the existence of a correlation between flow field conditions and commonly developing atherosclerosis [2] [3] . The regions subject to low and oscillatory wall shear stress, i.e. those presenting flow stagnation, represent the locations where these diseases preferentially occur [2] [3] [4] [5] [6] . Indeed, a locally increased residence time could lead to an enhanced uptake of macrophages and macromolecules, such as LDL (low density lipoprotein), by intimal smooth muscle cells [7] . Inflammatory cells and LDL infiltration in the sub endothelial space lead to a stable narrowing of the vessel lumen (stenosis).
Even when the atheroma does not ulcerate, thrombosis and ischemia can occur. This could cause the blood flow to be insufficient to meet the metabolic demand, especially during exercise.
The introduction of intravascular stents, to restore the lumen of the stenotic vessels, has brought great improvements, in term of quality of life in patients suffering from this disease. However, some problems, related to the use of stent, remain. The stent is recognized as a foreign body and is covered with endothelial cells (EC), whose uncontrolled proliferation can lead to restenosis of the vessel, making, in some cases, a new angioplasty operation necessary.
This problem can be tackled with drug eluting stents (DES) which show good clinical responses with a low restenosis rate [8] , but seems to have the same clinical outcome of bare metal stents (BMS) and self-expanding bare metal stents (SE-BMS) at 12 months follow-up, as far as restenosis concerns [9] . These devices are unable to heal intima damaged by stent implantation procedure, which can be limited by slightly oversized SE-BMS as shown in [10] . Nonetheless, the residual stenosis after the implant, even if not significant in terms of reduction of the flow rate, may represent a critical location for the hemodynamics. Moreover, there is good evidence that arterial injuries, caused by both balloons and stents, lead to an inflammatory response and activates a proliferative repair process, which can lead to luminal narrowing and in-stent restenosis [11] [12] .
The carotid artery is one of the most common locations of cranio-cervical atheromatous diseases, accounting for 20-30% of strokes. Often, these conditions are result of detachment of thrombo-embolic material from the atheromatous plaque [13] . This problem has been investigated numerically, in a realistic geometry in [14] where the non-Newtonian features of blood have been take into account as well, while the non-Newtonian behaviour of the fluid in turbulent flow has been investigated in [15] [16] [17] and the characteristics of mass diffusion in [18] [19] . Although carotid angioplasty and stenting have recently emerged as valid therapeutic alternatives to carotid endarterectomy, risks associated with embolic complications are still high, ranging from 4% to 33%, and slowing down the introduction of the technique in the carotid circulation, as compared with the coronary and peripheral arteries [20] [21] .
Both two-dimensional (2D) and three dimensional (3D) computational fluid dynamics (CFD) simulations have been performed in arteries restored by stents. Two-dimensional CFD studies employed simple stent geometries to investigate the influence on the blood flow of the mesh size [22] , the shape of the struts section [23] and the design near the curvatures [24] , trying to understand how these geometric features can be tuned to change the hemodynamics. LaDisa et al. [25] [26] have performed several 3D CFD simulation on different geometries and stent design, analyzing how 3D geometric parameters, i.e. intra-strut angles, width and connector styles, can affect the distribution of plaques. Gori at al. [27] [28] [29] have carried out 3D CFD simulations on commercial coronary stents, employing different parameters to identify critical points for the hemodynamics and suggesting guidelines for the design of optimal implants to avoid restenosis.
The fluid has been considered Newtonian in [27] [28] while the influence of non-Newtonian blood features has been investigated in [29] .
The aim of the present work is to investigate the blood flow in two carotid self-expanding bare metal stents (SE-BMS), under physiologic conditions, and in a non-completely restored vessel lumen by 3D CFD simulations. The last situation is likely to occur in SE-BMS graft.
Geometry and mesh
The simulations are carried out on two different stents, reported in Fig. 1 , in order to assess the influence of the different configurations on the fluid-dynamics. The stent of Fig. 1a , named S1, has the strut tips arranged in the same direction, according to a configuration called peak-to-valley, while that of Fig. 1b, named S2 , has the struts arranged in the opposite way, and is called peak-topeak. Both stents are applied to the carotid artery (8 mm in diameter), modeled as a cylindrical tube, in one case with constant section, and in the other one with a slight reduction of the radius in the middle section. Geometrical parameters of the stents are chosen from [30] , to match an artery with the diameter of 8 mm, stent radial thickness is 0.122 mm while the two lengths are respectively 24.8 mm and 22.9 mm. The simulations are not been carried out in the entire cylindrical domain because of the radial symmetry, but only in one-sixth of the geometry, as done in [27] , allowing significant saving in computational time. The choking in the middle section has a radius of 6.8 mm, corresponding to an area reduction of 30 %.
The stenosis profile, represented in Fig. 2 , is reproduced by a piecewise cubic spline interpolation of ten control points. The mesh used, generated with the commercial code STAR-CCM+ 8.02.011, refined with SolidWorks 2010 and reported in Fig. 3 , is made of tetrahedral elements in the core of the vessel, while near the wall a prismatic layer is employed. The grid is not uniform but coarser near the centerline and finer towards the wall and near the struts.
Governing equations
The 3D incompressible Navier-Stokes equations govern the mass and momentum conservation:
Blood is assumed as homogeneous Newtonian fluid, having constant density and dynamic viscosity respectively equal to 1060 kg·m -3 and 0.0033 kg·m -1 ·s -1 .
Equations (2) and (3) 
Steady simulation
In steady state, the mean velocity of 0.25 m·s -1 , as measured in [31] , is assumed on the inlet.
Since the Reynolds number associated to this configuration is about 640, the flow regime is laminar and a Poiseuille velocity profile is prescribed at the inlet.
Transient simulation
In order to model the pulsatile blood flow, the theory of Womersley-Evans [32] is used to obtain the velocity profile, as shown in Fig. 4 a, ( 
Hemodynamic variables
The most significant fluid dynamics factor which affects vessel remodeling is the wall shear stress (WSS). Other parameters, which, according to the literature [2, 7, 27, [32] [33] , are related to intimal hyperplasia (IH) and are useful in locating critical hemodynamic points, are studied as well.
The time-averaged wall shear stress (TAWSS) can be used to measure the cumulative effects of WSS within a cardiac cycles and is defined as:
The oscillatory shear index (OSI), defined as
is employed to measure the deviation of WSS from its average during the cycle.
The relative residence time (RRT), introduced in [7] , identifies the regions of the wall subject to a stagnant flow and is defined as:
The wall is more prone to infiltrate cells and macromolecules where is higher the relative residence time, RRT, measured in 
Results

Steady simulations and mesh validation
The results of the WSS, averaged over the vessel section, are shown in and to planes intersecting regions of low WSS, located on the struts. Indeed, for a Newtonian fluid, the WSS only depends on the symmetric part of the velocity gradient at the wall, which strongly diminishes in proximity of the struts. This is due to the deceleration of the fluid impinging on an obstacle leaning on a wall. When the blood flow meets the edge of the strut, the streamlines, originally adhering to the wall, detach from it at a certain distance. A recirculation region is formed between the strut's wall and the detachment point, whose amplitude depends on the Reynolds number: the smaller it is, the wider is the recirculation region. The stent causes a geometrical discontinuity in the endothelium wall and a consequent loss of charge. The presence of these recirculation regions increases the residence time of macrophages and macromolecules on the endothelium and increase the probability of uptaking by intimal smooth muscle cells.
The results concerning the averaged WSS in presence of a 30% stenosis are shown in Fig. 7 and 8 as well. The reduction of the diameter provokes a pressure drop and a consequent acceleration of the fluid. Since the WSS is, in first approximation, inversely proportional to the section diameter and directly proportional to the fluid speed, the WSS increases in the chocked section. Downstream this region, the diameter increases and so the WSS diminishes. If the slope of the wall, downstream the chocking section, is high enough, a streamline detachment is present and a consequent recirculation region, which contributes to lower the WSS besides the geometrical changes. Figure 7 shows that at a distance of approximately 8 mm from the center of the stent the WSS starts to increase, as compared to the case without stenosis. It should be noted that the maximum WSS, which has a peak value of 2.66 Pa, does not correspond to the top of the stenosis but is 2.3 mm before, because both the axial and transversal velocities change more rapidly before the maximum height of the stenosis. After this point, the WSS decreases with some local peaks and valleys due to the struts, which disappear 1.5 mm after the vessel center. The WSS reaches a minimum value of 0.081 Pa at 5.1 mm from the vessel center and after that, gradually increases. A similar behavior can be observed in Fig. 8 for the stent S2. The WSS starts to increase at 9 mm before the center of the vessel, then it reaches the maximum value of 2.8 Pa at 1.9 mm before the vessel center, and then it decreases to the minimum monotonically, except a small plateau around the center of the vessel. The minimum of 0.11 Pa is reached at 6.5 mm as well. It must be remarked that the WSS in the stent S2 has a smoother profile compared to S1.
The similarity in the behavior of the two stents suggests that in the presence of a stenosis, the degree of stenosis plays a more important role in the fluid dynamics, compared to the stent geometry. The stenosis has a significant effect in terms of WSS reduction, causing an abrupt drop below the critical value of 0.5 Pa. This takes place downstream and is due to the presence of a stagnation region after the stenosis. The narrowing has the effect of amplifying the WSS in the central region, without exceeding 7 Pa, which is the value above which thrombogenic effects may take place [35] [36] .
In both fully expanded stents the mean WSS value is kept in the physiological range of 0.5 -7 Pa, which is usually found in medium and large arteries [34] [35] [36] . Nevertheless from the computational data, the stent S2, peak-to-peak, seems to have a better behavior compared to the stent S1, peak-to-valley, since the WSS pattern is smoother, its average value is higher and the variance lower, indicating that this design alters less the fluid flow.
Unsteady state.
Unsteady state simulations, performed on an entire cardiac cycle, show large variations in terms of WSS minimum and maximum values. However, except the systolic peak, the WSS pattern does not exhibit great differences, and thus time averaged physiological parameters (OSI, RRT) are presented to take into account the cumulative effects of the fluid dynamics over the endothelium.
WSS maps of the endothelium reveal the presence of stagnation regions around the struts, where the WSS is low. In Fig. 9 the spatial distribution of WSS magnitude in the four configurations have been reported at three time steps: 0.0 s, 0.25 s and 0.53 s.
At the systolic peak, the pattern changes as well, showing that the region downstream the stenosis is always subject to a relatively low wall shear stress, while the WSS increases upstream.
This is because the increase in flow rate broadens the extent of the recirculation region as well, in order that the WSS changes in direction but its modulus remains quite low.
In presence of the residual stenosis, the WSS in the choking region has the same pattern as the fully expanded stent and exhibit a high peak, corresponding to the minimum section and a much lower value downstream the narrowing. The WSS starts to grow again only when the flow attaches to the wall. The most significant role on the haemo-dynamics disturbance seems to be still played by the narrowing, while the different stent design influences the WSS patterns only at a minor extent.
OSI index is used to measure the oscillation of WSS from its mean direction. The OSI assumes value equal to 0 where the WSS has always the same direction during the cycle and 0.5 when the WSS mean value is 0 Pa. The simulations in the two straight vessels are shown in Fig. 10 and reveal a low value of OSI only near the struts, while in the intra-strut area this value is close to 0. It has been shown in [35, 37] , that there is a correlation between atherosclerosis pathogenesis and OSI only for values between 0.1 and 0.5, thus in this case OSI is far from the critical range. Higher values of OSI can be observed in the small curvature formed by strut tips and connectors, where the fluid is trapped as in Fig. 10 a.
In the configuration peak-to-peak, the peaks are arranged opposite one another, and this makes the stent mesh made from a hexagonal pattern. Between the vertices of the mesh there is a distance such that a region in which the motion is relatively undisturbed occurs.
The configuration peak-to-valley is more rugged than the peak-to-peak one. The stent mesh has "arrowhead" design, which provides an approximately constant distance between the opposite edges. Nevertheless, if this distance is not too long, and the velocity is big enough, the mesh can act as a roughness and favors the presence of recirculating regions and so inverted flow. This is in disagreement with Berry et al. [22] , who suggested that a finer mesh could disturb the flow more than a coarser one. From our results it appears that, in physiological conditions, i.e. Re=640
according to [31] , the stent S1 produces more recirculating regions compared to S2.
The OSI becomes more relevant when a stenosis exists, as shown by Fig. 12 , with high values between 0.2 and 0.5. Our results show that a 30% reduction of the cross-section area is sufficient to provoke a boundary layer detachment after the stenosis. A wide recirculation region is present downstream the stenosis. There are no major differences in the OSI pattern of the two stents when a 30% stenosis is over-imposed, although even in this case the stent S2 appears to have slightly small OSI values compared to S1.
The relative time spent by the fluid in proximity of a certain region is measured by the RRT.
This index estimates the probability of macromolecules to penetrate in the sub-endothelial space.
OSI and RRT are mathematically related by the following equation:
which means that the RRT has greater values in regions where OSI is closer to 0.5, and where the time averaged WSS is low. Thus the RRT is useful in locating low and oscillating regions for the WSS, while the OSI gives information about the WSS oscillation. The same information can be extracted from RRT maps: high values appear in the same location of the OSI, between the strut tips and in the distal vessel. The RRT also carries information about time averaged WSS, and can be useful in locating both oscillating and low shear stresses, that seem to represent regions prone to atherosclerosis. Figures 13 and 14 show the RRT of the two stents. Figure 13 presents the RRT of the two stents in the vessel without stenosis, showing that the RTT increases where is present the stent and decreases on the vessel wall, because the RTT is proportional to the reciprocal of the time averaged wall shear stress, and this variable is considerably lower in the region where the stent is inserted.
Moreover, since the WSS pattern is wavy in the stented region, RRT shows some peaks. The RRT presents higher values for the peak-to-valley configuration than the peak-to-peak one. This is due to the low TAWSS present in the region covered by the stent S1 and by higher values of OSI that are uniform in the case S2.
In Fig. 14 the RRT in the stenosed vessel is shown. This variable show evident differences in the performances of the two stents configurations. The RRT for the stent S1 is much higher than that for the S2 one. Both lowering of TAWSS and increasing of OSI, due to the stagnation region, contribute to its increase. The previous results about the WSS and the OSI suggested already that the configuration peak-to-peak had a better fluid-dynamic behavior, compared to the peak-to-valley, but the results were not as evident as in the RRT case.
Discussion
The present work investigates the fluid dynamics in two different stent configurations, peakto-valley (S1) and peak-to-peak (S2), in a fully expanded situation and when a 30% restenosis is present. Numerical simulations are carried out in order to evaluate the fluid dynamics conditions which can promote atherosclerotic events, when a self-expanding bare metal stents (SE-BMS) is applied.
The performances of the two devices are analyzed in steady state by means of WSS and unsteady state, through WSS, OSI and RRT. The analysis in the straight vessels shows that the performances of the peak-to-peak configuration gives better results compared to the peak-to-valley one. In the configuration peak-to-valley, S1, the WSS is lower and OSI and RRT are higher compared to the peak-to-peak, S2 one.
The analysis of the two configurations in a stenosed vessel, as far as WSS and OSI is concerned, show that the two stents have approximately the same behavior. However the RRT is much bigger in the peak-to valley configuration, which, in agreement with the results in the straight vessel, suggest that the S2 configuration is performing better even in the presence of stenosis.
Gori and Boghi [27] [28] [29] suggested that the struts with connectors parallel to the mean flow can reduce the restenosis rate, which could be in contrast with the previous result, pointing out a better behavior for S2. Indeed, although none of the stents investigated in this study has connectors, the peak-to-valley design has the struts more aligned to the flow direction and should result in a lower flow disturbance. Nonetheless, the higher spatial density of the struts in the S1 configuration could have the most significant effect, hiding the effect produced by the strut alignment with the mean flow.
It can be pointed out that in the choice of the best device, the mechanical properties, such as the flexibility, must be taken into account as well. In particular, the configuration S1, peak-to-peak, is more rigid and does not fit too well the vessel boundary. This is coherent with the result shown in [27] [28] [29] , where the more rigid configuration can give better fluid dynamics behavior.
The results obtained in the stenosed configuration, showed that even a small residual restenosis, which is completely asymptomatic in terms of blood delivery to the head, could expose the endothelium to hazardous WSS distributions. The choice of 30% as percent of residual stenosis is arbitrary, but is not a big value compared to the cases studied in [10] .
The numerical approach of the present work has some limitations, especially for what concerns the domain. The simulations are performed by assuming the artery as a straight rigid vessel, while diseased carotid arteries have non-zero compliance and a more complex geometry.
The rigid vessel assumptions should not affect the results because in animals, stent implants limit wall compliance to zero [27] [28] [29] . Yet, the complexity of the real geometry affects more the fluid dynamics, as documented in the literature [1] [2] [3] [4] [5] [6] , where the relationship between stenosis and particular geometric loci, like bifurcations, has been documented. Nevertheless, the study of a simplified geometry allows understanding the influence of each parameter on the WSS and gives a glimpse of what can take place in a more complex one. Moreover, if we can show that, for a given restenosis, critical hemodynamic conditions occur on a simplified geometry, we can easily guess that the situation will be even worst in a skewed geometry, thus this limitation should not affect the results validity.
Conclusion
From the present numerical simulations, it can be concluded that the application of self-stent expandable has a twofold effect: on one hand it can reduce the graft failure rate, limiting artery injury caused by balloon inflation (at high pressures of about 12-16 bar), and, on the other hand, the residual narrowing could represent a critical region for the hemodynamics. This stenosis, even if not harmful for the patient, could disrupt the blood flow downstream the narrowing, exposing the endothelium to hazardous WSS, which could result in the long-term in neo-intimal proliferation, promoting the restenosis of the artery.
Long-term medical follow-up, for this fairly new implant, and in vivo experiments could help to point out whether the negative effects over fluid dynamics, due to residual stenosis, are more significant than the benefic effects produced by the less traumatic implant technique. Moreover, the simulation is a powerful tool to evaluate which is the best hemodynamic configuration. In this work and in [27] [28] [29] it looks like the better hemodynamic configuration is the less compliant one. This contradiction may be overcome in a more realistic configuration where the struts are deformed in a non-symmetric way. A study on a realistic geometry may give completely different results in terms of mechanical and hemodynamic properties.
The effort in the stent design should be by conjugating good mechanical and hemodynamic
properties. Further studies are required to investigate other configurations and a more realistic arterial geometry. 
